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ABSTRACT

This paper describes a series of experiments that were performed to assess the freeze-thaw
behavior of mortar specimens exposed to NaCl solutions. A low-temperature longitudinal
guarded comparative calorimeter was used to perform cyclic freeze-thaw testing on mortar
specimens saturated with NaCl solutions. Heat flow and acoustic emission activity were
monitored during the freeze-thaw experiment to detect ice formation and cracking. Although the
conventional water-NaCl phase diagram would suggest that no freezing or damage would occur
in specimens saturated with 15 % and 23.3 % NacCl solution by mass within the applied freeze-
thaw temperature range, damage was observed. For these specimens, an additional heat flow
peak attributed to an unexpected phase change, accompanied by acoustic activity, was detected
at a temperature higher than the expected freezing point. To better understand the source of this
damage, a low temperature differential scanning calorimeter was used to investigate the
influence of NaCl on freeze-thaw behavior of water, two pore solutions, hydrated cement
powder, and calcium hydroxide powder. The results showed that the pore solution alters the
freeze-thaw behavior slightly; however, it does not exhibit the unexpected phase change at
higher concentrations. The specimens made with hydrated cement powder showed the
unexpected phase change in high concentrations of NaCl solution in a temperature range
between 0 °C and 8 °C. While the exact nature of this phase change is not definitively known, it
appears that it results in premature damage during freeze-thaw when high concentration salt
solutions are used, even if freezing of the solution is not occurring.

Keywords: Acoustic Emission, Calorimeter, Concrete, Deicing Salts, Freeze and Thaw, Heat
Flow, Mortar, NaCl.
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INTRODUCTION

Deicing salts are widely used on concrete pavements and bridge decks to depress the freezing
temperature of water and improve safety for the travelling public. Although the addition of
deicing salts on the surface of concrete can melt the ice and increase the safety of the
infrastructure, it can also cause premature deterioration of concrete, scaling, damage in pavement
joints, and corrosion of reinforcing steel, as many deicing salts contain chlorides (1-4). A variety
of complex damage mechanisms can occur for concretes exposed to freeze-thaw and deicing
salts. Formation of ice inside the concrete pore structure can cause hydraulic pressure (5) or
osmotic pressure resulting from the partial freezing of solutions in capillaries (6). In addition, the
crystallization of salt (7, 8), formation of Friedel’s/Oxychloride/Kuzel’s salt (9—12), or changing
the microstructure of hydration products (11, 13, 14) can be different sources of deterioration in
concrete under freeze-thaw exposure. Deicing salts can also change the pore solution properties
and cement hydration products, thereby inducing the formation of different phases. While a
conventional interpretation of the aqueous NaCl phase diagram dictates that using a higher
concentration of salts can prevent freezing (thereby resulting in almost no damage), these
complex damage mechanisms can cause severe deterioration even as the concrete temperature
varies above the liquidus line (Figure 1).

The main objective of this study is to determine the freeze-thaw behavior of cementitious
materials when they are exposed to NaCl deicing salt. To understand the complex damage
mechanisms and to evaluate possible chemical/physical sources, acoustic emission (AE) and
calorimetry techniques were used in this study. AE techniques have been proven capable of
quantifying the damage caused by freeze-thaw cycles in concrete (15-21). Calorimetry studies
have also been used to investigate phase transformations of water and NaCl solution in hardened
cement paste (22-24). When one phase transforms into another phase, latent heat must either be
released or absorbed (22, 25); the amount of latent heat and related temperatures are specific
material properties that can be used to distinguish different materials or phases in a composite
system. Thereby, the possible freeze-thaw damage sources due to any phase change can be
defined. In the present study, in addition to AE measurement, a low temperature longitudinal
guarded comparative calorimeter (LGCC) (21) was used to quantify the heat flow and thermal
properties of mortar specimens. A low temperature differential scanning calorimeter (LT-DSC)
was also used to investigate phase transformations and to detect the possible freeze-thaw damage
source.

EXPERIMENTAL PROGRAM

Materials, Mixture Proportioning, and Specimen Preparation

Ordinary Type | portland cement (OPC) with a Blaine fineness of 375 m?/kg was used in this
study. The chemical composition of this cement reported by production manufacture is indicated
in Table 1. Aggregates used to prepare mortar specimens consisted of natural sand with a
maximum size of 4.75 mm, specific gravity of 2.61, fineness modulus of 2.89, and an absorption
value of 2.2 % by mass. A single mortar mixture was used with a sand volume fraction of 55 %
and a water-to-cement ratio (w/c) of 0.42 by mass. No chemical admixtures or supplementary
cementitious materials were used. For cement paste specimens, the w/c was 0.42.
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TABLE 1 Properties of Ordinary Type | Portland Cements (OPC)

Item Percent by mass (%0)

Silicon Dioxide (SiO,) 19.43

Aluminum Oxide (Al203) 5.39

Ferric Oxide (Fez03) 3.18

Calcium Oxide (Ca0) 63.45

Magnesium Oxide (MgO) 2.97

Sulfur Trioxide (SOs) 3.38

Loss on Ignition 0.88

Sodium Oxide 0.35

Potassium Oxide 0.77

Insoluble Residue 0.25

Total Equivalent Alkali as Na,O 0.86
Tricalcium Silicate (C3S) 60
Dicalcium Silicate (C,S) 10
Tricalcium Aluminate (CsA) 9
Tetracalcium Aluminoferrite (C4AF) 10

For the LGCC and AE experiment, specimens were prepared in a standard mortar mixer
in accordance with ASTM C305-12 (26). The mortar was cast in 25.4 mm x 25.4 mm x 300 mm
(2in x 1in x 11.81 in) molds that were demolded after 24 h. All mortar bars were then sealed in
double plastic bags and cured for 28 d in these sealed conditions at 23 °C = 0.5 °C. After 28 d of
curing, the mortar bars were cut using a wet saw to 25.4 mm x 25.4 mm x 50.8 mm (1 in x 1 in x
2 in) specimens. These specimens were then placed in a vacuum oven at 65 °C £ 1 °C and a
pressure of 20 mm Hg £ 5 mm Hg for 7 d. While ASTM C1645-11 (27) suggests using a 3 %
NaCl solution, higher range of NaCl concentration was used in this study. Solutions with an
initial concentration of 0 %, 5 %, 15 %, and 23.3 % by mass NaCl were used to vacuum saturate
the mortar specimens. After vacuum saturation, the specimens were transferred to a 23 °C £ 0.5
°C chamber before testing, where they were kept in a container submerged in solution for 3 d.
This condition was considered as fully saturated (i.e., assuming 100 % degree of saturation).
After conditioning, specimens were wrapped with a very thin plastic sheet to protect them from
subsequent moisture exchange with their surrounding environment (minimizing their absorption
or release of water) during the freeze-thaw process. The top and bottom cross section plastic
covers were removed to ensure a better connection with thermal pads during the freeze-thaw
tests. In addition, a small circular hole was made in the side plastic of each specimen to attach
the AE sensor.

For the LT-DSC study, five series of tests were performed: 1) water-NaCl, 2) low alkali
pore solution-NaCl, 3) high alkali pore solution-NaCl , 4) water-NaCl-Ca(OH)2, and 5) water-
NaCl-Cement powder. NaCl with a purity of 99.9 % and de-ionized water were used to prepare
solutions. Series 2 and 3 were prepared with simulated pore solution instead of water. For the
first pore solution (i.e., low alkali), KOH and NaOH were used to make a solution with [K™],
[Na'], and [OHT] of 0.65, 0.45, and 1.10 mol/liter, respectively. This was calculated using
software  for estimation of pore solution properties developed previously
(http://concrete.nist.gov/poresolncalc.html) (28) corresponding to the cement used in this study,
considering 100 % degree of hydration in a sealed condition. For the second pore solution (i.e.,
high alkali), [K*], [Na*], and [OH] of 0.91, 0.62, and 1.53 mol/liter, respectively, were prepared
to have an equivalent alkali (as Na2O) of 1.2 % by mass. Different percentages of NaCl salt were
added to the pore solution with respect to the corresponding mass of de-ionized water. Series 4
was like Series 1, however calcium hydroxide (Ca(OH)2) powder was also used. For powder
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specimens, the NaCl solutions were prepared and mixed with the powder just before LT-DSC
testing.

For series 5, cement paste specimens were cast in a plastic container and cured for one
year in a sealed condition. After, the specimen was ground using a grinder. The hydrated cement
powder was stored in a vacuum oven at 65 °C + 1 °C and a pressure of 20 mm Hg = 5 mm Hg
for 3 d to remove moisture.

Testing Design and Procedure

Acoustic Emission Low Temperature Longitudinal Guarded Comparative Calorimeter (AE-
LGCC)

Mortar specimens saturated with de-ionized water and salt solutions (0 %, 5 %, 15 %, and
23.3% NaCl by mass) were prepared for freeze-thaw testing. For each concentration, one
specimen was used to perform the freeze-thaw test. A low temperature AE-LGCC was used to
perform the freeze-thaw experiments. A temperature gradient was established in the test
specimen by a two-stage cold plate. To produce a one-dimensional heat flow, heat losses in
lateral directions were minimized by using a longitudinal guard and thermal insulation.
Temperatures at different locations of the specimen and meter bars were recorded during freeze-
thaw testing. A test specimen was inserted between two 25.4 mm x 25.4 mm x 25.4 mm (1 in X
1in x 1 in) Pyroceram Code 9606 meter bars with known thermal properties. The experimental
setup is illustrated in Figure 1b. Knowing the thermal properties of the meter bar, heat flow in
the top and the bottom Pyroceram can be calculated using Equations 1, 2, and 3. The heat flow
consumed or released by the mortar specimen (i.e., heat flow inward or outward specimen) can
also be estimated by Equation 4:

Apc = —0.0061(T) + 4.2013 —50°C< T<30°C 1)
T. —T
qr = Apc 6d d (2)
PC
T, —T;
qg = Apc- d (3)
PC
AQSample = (g8 — qr)-A (4)

where Apc is thermal conductivity (W/(me<K)) of Pyroceram at its average temperature, qr and
qg are respectively heat flow per unit area (W/m2) through the top and bottom Pyroceram meter
bars, dpc and A are respectively the thickness of the Pyroceram meter bar (m) and cross-
sectional area of the specimen (m?), and T; is the temperature (°C) measured by thermocouple at
location i (shown in Figure 1Db).

To quantify the damage caused by freeze and thaw cycles in the specimens, acoustic
emission (AE) techniques were used. These techniques can typically be classified as either active
acoustic emission (measuring wave speed using a pulsed wave) or passive acoustic emission
(listening for waves generated due to cracking during freezing or thawing). In this study, passive
and active acoustic emission techniques were used to measure the freeze-thaw activity/damage

L Certain commercial products are identified in this paper to specify the materials used and procedures employed. In no case does
such identification imply endorsement or recommendation by the National Institute of Standards and Technology, or Purdue
University, nor does it indicate that the products are necessarily the best available for the purpose.
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along with the LGCC. One broadband sensor was attached to the specimen to record acoustic
activity during the freeze-thaw test, while two coupled AE sensors were used to perform pulse
velocity measurement through the length of the specimen before and after the freeze-thaw test.
These AE-LGCC protocols have been well described in previous work (21).

Figure la is a phase diagram of aqueous NaCl. The phase diagram is often used to
describe the effectiveness of deicing salt (by % mass) on depressing the solution freezing
temperature (i.e., liquidus line). The phase diagram can be described by three paths (shown in
Figure 1a) to show the different freeze-thaw responses that would be expected. Path 1 describes a
temperature change from +15 °C to -27 °C; decreasing the temperature from + 15 °C causes no
change in solution until the temperature goes below the liquidus line. At this point, pure ice
begins to form in the solution and the concentration of unfrozen solution increases. Decreasing
the temperature further causes the ice mass fraction to increase which is accompanied by
increasing the concentration of the unfrozen solution. This action continues as the temperature
decreases until it reaches the eutectic temperature (-21.1 °C). Below this temperature, just two
phases are present including ice and the eutectic phase containing ice and NaCl-2H20 crystals
(hydrohalite). The opposite action occurs when heating is applied to the system. When the
temperature rises to -21.1 °C, the eutectic phase melts and as the temperature rises further, ice
gradually melts into solution, thereby decreasing the solution concentration. When the
temperature reaches the liquidus point, all of the ice converts to liquid. It should be mentioned
that in the cooling process, undercooling is often seen and the phase transition occurs at a lower
temperature than that expected from the equilibrium NaCl phase diagram.

Path 2 and path 3 show a smaller range of temperature variation from +10 °C to -12 °C as
is applied to the specimen for the freeze-thaw test in this study. For the lower concentration of
NaCl, path 2 passes the liquidus line inducing the formation of ice; however, the temperature
does not reach as low as the eutectic temperature. Therefore, ice is formed and can cause
expansion and damage to mortar specimens. However, if the higher concentration of NaCl
solution is used, no phase change is expected to occur in the range of applied temperature i.e., it
is above the liquidus line (path 3).

In this study, three cycles of freeze-thaw were applied to the specimen. Temperature was
controlled by the two-stage cold plate to vary from +10 °C to -14 °C. Figure 2c shows the
temperature profile of the cold plate for this test. The temperature on the bottom surface of the
mortar specimen (coldest part) was found to be between +10 °C and -12.5 °C. It has also been
shown that the solution in a cementitious porous material freezes and ice propagates at 4 °C to
7 °C below its freezing point, due to undercooling, capillary pressure, and the pore size
distribution (21, 29). Therefore, it is expected to have almost no freezing for specimens saturated
with 15 % and 23.3 % NacCl solution in the temperature range applied herein for freeze-thaw
testing.

Low Temperature Differential Scanning Calorimetry (LT-DSC)

LT-DSC measures the temperatures and heat flows associated with phase transitions (and
reactions) in materials as a function of temperature or time in a controlled low temperature
atmosphere. This technique provides quantitative and qualitative information about physical and
chemical changes that involve endothermic or exothermic processes. In the present research, a
LT-DSC instrument (TA Q2000%) with an operating range of -90 °C to 550 °C was used to study
low temperature phase transitions. Five different systems were studied. In the first series, NaCl
solutions with different mass fractions of NaCl salt and deionized water were tested. In the
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second and third series of study, the deionized water from series one was replaced with low
alkali and high alkali pore solutions. In the fourth and fifth series, calcium hydroxide and powder
of hydrated cement were used with the addition of different NaCl solutions. For series 1 to 3, a
total solution mass of 3 mg to 5 mg was used in LT-DSC, while for series 4 and 5, 9 mg to 11
mg of powder was mixed with 9 mg to 11 mg of solution and was tested at three ages after
mixing with NaCl solution: immediately after mixing (0 d), 1 d after mixing, and 7 d after
mixing. For LT-DSC experiments, one specimen was tested for each solution concentration.

For series 1, aluminum hermetic pans were used while for the rest of the experiments,
high volume stainless steel hermetic pans were used. Aluminum hermetic pans and high-volume
specimen pans are designed to accommodate 40 puL and 100 pL specimen sizes, an internal
pressure capability of 300 kPa and 3.7 MPa, and to withstand the temperature limits of -180 °C
to 600 °C and -100 °C to 250 °C, respectively. In this study, a cooling/heating temperature range
of 25 °C to -80 °C was performed on all specimens with a cooling and heating rate of 5 °C/min.

20
E Path 1
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e./
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FIGURE 1 a) Phase diagram of aqueous NaCl, b) schematic of mortar specimen inserted between Pyroceram
meter bars inside LGCC with AE sensor (21), and c) temperature profile of cold plate used for freeze-thaw
testing.
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RESULTS AND DISCUSSION

Acoustic Emission Low Temperature Longitudinal Guarded Comparative Calorimeter
(AE-LGCC)

Temperature and AE activity are plotted as a function of time for specimens saturated with de-
ionized water, 5 %, 15 %, and 23.3 % NaCl in Figure 2. For specimens saturated with de-ionized
water, 15 %, or 23.3 % NacCl solution, a lower number of AE events are recorded in comparison
to the specimen containing 5 % NaCl solution. The acoustic events begin to occur as the
temperature of the specimen decreases. A cluster of acoustic events is shown in Figure 2b and 2d
as highlighted by the ellipsoid in the first freeze-thaw cycle. This cluster of data is not seen in the
second and third cycle. These events can be attributed to microcracking of the specimen because
of the thermal expansion coefficient mismatch between the paste and aggregate. Because the
thermal loading is repeated during the second and third cycle, the damage attributed to thermal
expansion coefficient mismatch does not appear in the subsequent cycles (15).

As indicated in Figure 2b and 2d, a greater number of AE events were observed for
specimens saturated by de-ionized water and 5 % of NaCl solution during freezing (i.e., ice
formation) in comparison to other specimens. In addition to AE activity during freezing, another
cluster of AE activity was seen during thawing. For specimens saturated by 15 % and 23.3 %
NaCl solution, a less substantial amount of acoustic activity was observed in the specimen
(Figure 2f and 2h), as the freezing points for 15 % and 23.3 % NaCl solution (with undercooling
effects) are lower than the applied minimum temperature at the bottom surface of the mortar
specimen (i.e., -12.5 °C). However, a cluster of AE activity was still seen (Figure 2f and 2h),
while it was expected to have almost no AE activity for these specimens. In addition, as shown
in Figure 2e, 2f, 2g, and 2h, an unexpected temperature jump (or phase change) was seen at a
temperature greater than the expected freezing point (liquidus point) in the aqueous NaCl phase
diagram. It was observed that AE events also accompanied this phase change and ended when
the heating process was applied. This activity would not correspond to ice formation. For
specimen saturated by 23.3 % NaCl solution, very little AE activity was observed during the first
cycle while AE events were seen for subsequent cycles.
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292  versus time during freeze-thaw cycles for specimens saturated with 0%, 5 %, 15 %, and 23.3 % NaCl
293 solutions.
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Figure 3 shows the heat flows (i.e., AQsampie) as a function of temperature. For specimens
containing 0 % and 5 % NaCl solutions, a large exothermic peak is seen during cooling
corresponding to the freezing point of water or NaCl solution (Figure 3a and 3b). According to
the temperature associated with this peak, solution in mortar is undercooled approximately 5 °C
to 7 °C with respect to its liquidus point from the NaCl solution phase diagram. For specimens
containing 15 % and 23.3 % NaCl solution, a small unexpected exothermic peak (associated with
an unexpected temperature jump) can be seen during cooling and became larger with an increase
in salt concentration (Figure 3c and 3d).

During the heating process, an endothermic peak was observed for 0 % and 5 %
concentrations due to the thawing of ice in contact with the pore solution, while no such peak
was seen for 15 % and 23.3 %, indicating that no thawing occurred in these latter two systems. It
should be also mentioned that no unexpected exothermic behavior was observed in cooling at
subsequent cycles showing that this action might be irreversible, however, AE activity was
observed in subsequent cycles which can represent the accumulation of the unexpected phase in
the following cycles. Table 2 shows the freeze-thaw temperature associated with the
exothermic/endothermic events detected for mortar specimens. While the freezing point was
undercooled, the thawing point matched exactly with the liquidus line of the aqueous NaCl phase
diagram.

TABLE 2 Freezing and Thawing Temperatures at Bottom Surface of Specimens for the Three cycles
NaCl Concentration Freezing temperature (°C) Thawing temperature (°C)

(%) 1%Cycle  2™Cycle  3Cycle  1Cycle 2"Cycle 3" Cycle
0 -5.8 -7.1 -5.9 0.0 0.0 0.0
5 -9.6 -10.5 -10.9 3.1 -3.2 -3.4
15 -7.07 ND*™ ND ND ND ND
23.3 -2.5" ND ND ND ND ND

* Temperature associated with the unexpected phase change
** ND = Not detected
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FIGURE 3 Heat flow inward/outward of mortar specimen versus temperature for first cycle of freeze-thaw
for mortar specimens saturated with (a deionized water; (b) 5% NaCl solution; (c) 15 % NacCl solution; and,
(d) 23.3 % NaCl solution.

The relative dynamic modulus (E+/E,), the ratio of the dynamic modulus after a freeze
and thaw test to the dynamic modulus before the test) was used to assess the damage level of the

specimens as a result of freezing and thawing. The damage parameter (D) can be computed using
Equation 5.

D=1-st=1- () )
Eo Vo

where Eo and V, are respectively dynamic elastic modulus and average pulse velocity before a
freeze and thaw test; and E: , V: are respectively dynamic elastic modulus and average pulse
velocity after the freeze and thaw test. An average pulse velocity was calculated before and after
freeze-thaw testing for each specimen. The damage index (D) and the total cumulative AE
energy for mortar specimens are shown in Figure 4a. Despite a smaller AE activity and less total
cumulative AE energy for 15 % and 23.3% specimens, a considerable damage index (change in

wave velocity) was observed for these specimens. This may indicate that the formation of an
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unexpected phase change (i.e., not ice formation) led to a premature deterioration or that other
damage mechanisms are present. For specimens saturated by 5 % and 15 % NaCl solution,
relatively greater damage was observed after three cycles of freeze-thaw in comparison to
damage measured for specimens saturated by 0 % and 23.3 % NaCl solution. Greater damage in
specimens saturated by 5 % and 15% NaCl solutions may be attributed to the critical damage
caused by the combination of ice formation, osmotic pressure, and unexpected phase change
formation. Figure 4b indicates the crack pattern for the mortar specimen saturated with 15 %
NaCl solution after three cycles of freeze-thaw.

100 500
—e— Damage Index
4 - Cumulative Energy o
80 -400 3
E eo_i —300 Wy -
5E - ez
© Z2 =
E 40— -200 £
a ] -
E
201 -100 3
[ [ (b)
0 | T T T T T T T T T — 0

NaCl Concentration (%)
FIGURE 4 a) Cumulative acoustic energy and damage parameter for specimens after three cycles of
freeze/thaw, b) crack pattern on the surface of the mortar specimen saturated with 15 % NaCl solution after
three cycles of freeze-thaw testing (the error bars indicate + one standard deviation for four replicates of
pulse velocity testing).

Low Temperature Differential Scanning Calorimetry (LT-DSC)

Figure 5 compares the LT-DSC heat flow behavior for different specimens during heating as a
function of temperature. As expected, two endothermic peaks corresponding to eutectic melting
and ice thawing were observed for the NaCl solution. The eutectic and liquidus peaks for NaCl
solution are shown in Figure 6a as the salt concentration increases. Calcium hydroxide powder
showed almost the same trend as NaCl solution except for the high concentration case (Figure
6d); it seems that calcium hydroxide changes the eutectic concentration of NaCl solution.
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FIGURE 5 Heat flow during heating versus temperature for 15% NaCl solution, high alkali pore solution

containing 15% NacCl salt, and cement powder containing 15% NaCl solution (by mass).
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FIGURE 6 Comparison of temperatures associated with different exotherms/endotherms observed in this
study with aqueous NaCl phase diagram as a function of NaCl concentration for: a) NaCl solution, b) low
alkali pore solution containing NaCl salt, ¢) high alkali pore solution containing NaCl salt, d) calcium
hydroxide powder containing NaCl solution, and e) hydrated cement powder in different ages after mixing
with NaCl solution.
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Pore solutions behaved quite differently than NaCl solution and three endothermic
behaviors were observed, with one exothermic peak at an onset temperature near -60 °C (Figure
5). The exothermic peak might correspond to experimental error due to the formation of the
eutectic composition in heating instead of cooling. Figures 6b and 6¢ show the comparison of
temperatures corresponding to these exothermic and endothermic behaviors with a classic NaCl
solution phase diagram. For pore solution, it seems that the liquidus temperature (i.e.,
endothermic peak 3) for NaCl solution is depressed, while the eutectic temperature (i.e.,
endothermic peak 2 or formation of NaCl-2H>O) remains close to -21.1 °C. The endothermic
peak 1 may be attributed to the formation of NaOH-7H>O (transition temperature at -28.0 °C),
respectively (30).

Figure 6e indicates the temperature associated with different endotherms observed for
hydrated cement powder containing NaCl solution during heating for different ages after mixing.
The liquidus points for hydrated cement powder are similar to the aqueous NaCl liquidus line,
while a different behavior is seen for the eutectic points. At higher concentrations of NaCl
solution, the eutectic data are in good agreement with the NaCl solution eutectic line. At lower
concentrations, however, eutectic temperatures are depressed to a lower temperature between the
formation of NaCl-2H,O and NaOH-7H»0O, with transition temperatures of -21.1 °C and
-28.0 °C, respectively. It should be mentioned that increasing the age after mixing, the eutectic
temperature disappears at lower concentrations and becomes closer to that of NaOH-7H.0. This
may be attributed to consumption of chloride ions (CI) due to binding and formation of
Friedel’s/Oxychloride/Kuzel’s salt and concurrent release of sodium ions (Na*) that can have an
ionic bond with hydroxyl ions (OH").

Again, as observed in the AE-LGCC experiment, the unexpected phase transition was
observed for hydrated cement powder whose temperature (associated with maximum absolute
value of heat flow peak) was found to be between 0 °C and 8 °C. It should be mentioned that
5°C to 7 °C undercooling should be considered to have a better comparison with AE-LGCC
results as the unexpected phase change was observed only in cooling process in LGCC.
Increasing the salt concentration, the temperature associated with the unexpected phase change
increases. In addition, the unexpected phase change was observed to occur for a larger
concentration range with increasing age. In other words, it was observed for a 13 % NaCl
solution concentration after 1 d, while it was not seen immediately after mixing or t=0 d (Figure
6e). This can illustrate that the formation of alternative phases progresses during time. The
source of this phase may be related to reactions of NaCl with cement hydration products and the
formation of Friedel’s/Oxychloride/Kuzel’s salt; it may also be attributed to the dissolution of
calcium hydroxide within the interfacial transition zone (ITZ) or NaCl changing the
microstructure of cement hydration products (9—14). More research is needed (including x-ray
diffraction at low temperature) to understand the additional phase(s) observed in this study.

CONCLUSIONS

In this paper, the freeze-thaw behavior of cementitious mortar containing varying deicing salt
concentrations was investigated using acoustic emission. While the conventional interpretation
of a phase diagram would suggest no damage developing in the mortars saturated by higher
concentrations of NaCl solutions (as ice has not formed) damage was detected. To investigate
potential causes of this damage, low temperature calorimetry was used and was able to detect an
additional phase forming at higher concentrations of NaCl in cementitious systems that does not
form when only the NaCl-water systems or NaCl-pore solution systems are tested. The
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composition of this additional phase is not clear; however, it may be related to reactions with
cement hydration products that result in the formation of Friedel’s/Oxychloride/Kuzel’s salt,
dissolution of calcium hydroxide, and changes in the microstructure of cement hydration
products. It appears that the formation of an additional phase at the temperature above the
liquidus line produces an expansion that results in some cracking and damage development that
can be detected with acoustic emission. This may provide one explanation for damage that
occurs in freezing and thawing when high concentration salt solutions are used even if actual
freezing of the pore solution is not occurring; however, there may be other causes as well.
Research is underway to better understand the products being formed at these higher
concentrations.
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